Four DNA-dependent ATPases were purified from vaccinia virions and tested for DNA helicase activity on two dsDNA substrates. ATPases D6R and D11L were inactive on both substrates, A18R unwound the substrate with a short 20 bp duplex region and 18R unwound both substrates. In addition, the 18R protein was stimulated to unwind longer DNA duplexes by a 25 kDa protein purified from vaccinia virions, representing the cleaved product of the L4R gene, an ssDNA binding protein. Purified recombinant 25 kDa L4R protein also stimulated 18R DNA helicase activity and maximum activity was observed only when there were < 13 nucleotides of DNA per molecule of L4R protein. The DNA helicase activity of the A18R protein was not stimulated by either recombinant 25 kDa L4R protein or by an E. coil ssDNA binding protein.
DNA helicase activity on hybrids of < 25 nucleotide oligonucleotides and ssM13 DNA (Simpson & Condit, 1995) . The solubilization of all these proteins from VV virions has been described but they have not been systematically tested for DNA helicase activity (Paoletti et al., 1974; Broyles & Moss, 1988; Bayliss & Smith, 1996) . Here we describe DNA helicase assays with these proteins on two different substrates, the co-purification of the A18R protein with DNA helicase activity, and the stimulation of DNA helicase ISR, but not A18R, by the VV core protein L4R, an ssDNA binding protein.
VV core proteins were solubilized with sodium deoxycholate and a fraction, lacking the VV RNA polymerase, was separated on an ssDNA cellulose column. Four peaks of DNA-dependent ATPase activity were detected, after the I50 mM, 250 mM, 300 mM and 400 mM salt washes, in addition to activity in the flow-through (Bayliss & Smith, 1996) . The protein profiles of fractions containing the highest level of ATPase activity from each peak were analysed, peaks I-4 being represented by fractions 73, 96, 132 and 186, respectively. The flow-through, represented by fraction 25, contained a complex profile of proteins. Fraction 73 contained approximately four proteins, of which the 70 and 80 kDa species co-purified during fast protein liquid chromatography (FPLC) with the ATPase activity and probably represented VETF. Fraction 96 contained two major proteins, of approximately 63 and 11 kDa; the 63 kDa protein co-purified during FPLC with ATPase activity and was identified as NPHI (the D11L gene product). No proteins could be discerned in fraction 132, but upon further purification and concentration, the ATPase activity co-purified with the ISR protein (Bayliss & Smith, 1996) . Fraction 186 contained one major protein band of 25 kDa; however, ATPase activity co-purified with a 55 kDa protein as described below.
Each of the representative fractions from the ssDNA cellulose column was tested for DNA helicase activity using two different dsDNA substrates. The first substrate consisted of a 68-mer oligonucleotide annealed to ssM13mp18 DNA [made as described in Bayliss & Smith (1996) ] and had a 23 bp duplex with tails of 22 and 23 nucleotides at the 5' and 3' ends, respectively. Using this substrate, a DNA unwinding activity was detected in fraction 132 ( Fig. l a) . The other fractions showed no activity with this substrate although some degradation of the substrate was observed in the flow-through fraction (25) and fraction 96 ( Fig. l a) . The second DNA helicase substrate had a 20 bp duplex and was made by annealing a 17-mer (universal primer) oligonucleotide to ssM13mp18 DNA and then labelling with [~-a2p]dCTP in the presence of dGTP using Klenow enzyme. Using this substrate, DNA unwinding activities were found in fractions 132 and 186 whilst fractions 25, 73 and 96 again showed either no activity (73) or an ATP-independenf degradation of the template (25 and 96) ( Fig. l b) . With both substrates each DNA unwinding activity was ATP-dependent. Thus of the four vaccinia proteins with amino acid similarity to superfamily helicases, only two (A18R and ISR) have DNA helicase activity on the substrates tested and these differ in their substrate specificities.
To identify the DNA helicase activity specific for the 20mer/ssM13 substrate, the ssDNA cellulose fractions 178-197 were applied to an FPLC MonoS column which was then developed with a salt gradient. Fractions from this column were analysed for ATPase and DNA helicase activities ( Fig.  2a ). A major peak of ATPase and DNA helicase activity was eluted in fractions 35-46 with fraction 43 containing maximum activity in each assay. This fraction contained a single protein of 55 kDa (Fig. 2 b) which was identified as the product of the AISR gene by Western blotting with a monoclonal antibody specific for A18R (generously provided by R.C. Condit, University of Florida, Gainesville, Fla., USA; Fig. 2c ). The DNA helicase activity of this FPLC-purified A18R protein had characteristics similar to those of the recombinant histidinetagged A18R protein (Simpson & Condit, 1995) ; i.e. maximum activity at 5 mM-ATP, stimulation by 50 mM-KC1 and inhibition by > 150 mM-KC1 (dam not shown). Fractions 5 1 -5 7 contained relatively larger amounts of a 25 kDa protein (Fig.  2 b) . The N-terminal sequence of this protein was determined to be AKSKFPRSMLSIFN (sequencing was kindly performed by A. C. Willis, MRC Immunochemistry Unit, University of Oxford, Oxford, UK), which is identical with the N terminus of VP8, the processed form of the L4R gone product (Yang et aI., Fig. 2 . Co-purification of a DNA helicase activity with the A18R protein, ssDNA cellulose fractions (178) (179) (180) (181) (182) (183) (184) (185) (186) (187) (188) (189) (190) (191) (192) (193) (194) (195) (196) (197) were pooled, diluted with 21 ml of buffer t3 [50 mM-Tris-HC1 pH 8-0, 2.5 mM-Dq-l-, 1 mM-EDTA, O-O1% NP40, 10% (v/v) glycerol] and applied to an FPLC MonoS HR 5/5 (Pharmacia) column, equilibrated in buffer B plus 1 O0 mM-NaCI, which was then developed with a 10 ml gradient of O.1-1 M-NaCI in buffer B. Fractions of 250 pl were collected. (u) Graph showing the DNA helicase and ATPase activities of fractions from the FPLC column. Five I~1 volumes of fractions were assayed for ATPase activity (I-q) and for DNA helicase activity (m). ATPase assays were performed in the presence of 0.3 Hg of ssM13 DNA as described (Bayliss & Condit, 1995) . One unit of ATPase activity was defined as that which hydrolysed 1 nmol of ATP in 30 min at 37 °C. DNA helicase assays were performed as in Fig. 1 (b) using 2.7 fmol of the 20-mer/ssM13 substrate, 3 mM-MgCI 2 and 5 mM-ATP for 30 rain. Assays were quantified using a Molecular Dynamics Phosphorlmager and percentage unwinding was calculated by dividing the amount of released oligonucleotide by the total amount of dsDNA substrate in the assay. Assays incubated without enzyme (-E) represented background and heat-denatured substrates represented 100% activity. (b) Protein profiles of fractions after FPLC separation. Ten I~1 volumes of the indicated fractions were run on an SDS-polyacrylamide gel (10% gel) and proteins were detected by silver staining. Molecular mass markers ( 1988). The 25 kDa protein was also recognised by an antiserum against the L4R gene product (data not shown). Thus, fractions 51-57 contained the cleaved form of the L4R protein, one of the major VV core proteins. The minor amounts of ATPase and DNA helicase activity observed in these fractions ( Fig. 2a) were probably due to the presence of undetectable amounts of the A18R protein.
Many DNA helicases are stimulated by ssDNA binding proteins (SSBs). Previously, we observed that the ISR DNA helicase activity was stimulated to unwind a 45-mer/ssM13 dsDNA substrate by the E. call SSB (Bayliss & Smith, 1996) . In contrast, the A18R protein was not stimulated to unwind this substrate by up to a 3-fold excess of the E. coli SSB and its activity was neither stimulated nor inhibited on the 20mer/ssM13 substrate by up to a 20-fold excess of the E. coli SSB (data not shown). Thus, neither the rate of unwinding nor the length of duplex that could be unwound by the A18R DNA helicase were stimulated by a heterologous SSB. A similar lack of stimulation of activity was observed with the recombinant histidine-tagged A18R protein (Simpson & Condit, 1995) .
VV virions contain at least two DNA binding proteins, an 11 kDa phosphoprotein, the F18R gene product (Zhang & Moss, 1991) , and a 25 kDa protein (VPS), the L4R gene product (Weir & Moss, 1984) . The 11 kDa virion protein binds preferentially to supercoiled DNA (Kao et aI., 1981) whilst the 25 kDa L4R gene product binds to both ss and dsDNA but has a higher affinity for ssDNA at high NaC1 concentrations . Consistent with this, the 25 kDa L4R protein in FPLC fractions 51-55 ( Fig. 2) caused electrophoretic mobility shifts of labelled deoxyoligonucleotides (data not shown). Whether the L4R protein could stimulate the DNA helicase activities of either the ISR or A18R proteins was therefore determined. DNA helicase assays were performed with the 45-mer/ssM13 substrate, which neither helicase alone can unwind, and FPLC fraction 53 as the source of L4R protein. No unwinding was exhibited by the L4R protein either alone or in combination with the A18R protein; however, the L4R protein stimulated the ISR DNA helicase to unwind the 45-mer/ssM13 substrate in an ATP-dependent reaction (data not shown).
To confirm that the L4R protein was responsible for stimulation of the ISR DNA helicase activity, a recombinant version of the L4R protein was produced. The L4R gene was cloned into pET16b (Novagen), creating plasmid pETI6b-25K, such that the 25 kDa form of the L4R protein would be fused to an N-terminal histidine tag and a protease cleavage site. E. coli BL2I cells harbouring pETI6b-25K were induced with i mM-IPTG for 3 h at 30 °C (Fig. 3 a, lane 1) . Histidine-tagged L4R protein was purified using first a His-bind column (Fig. 3 a, lane 2; protocols as recommended by Novagen) and second a MonoS FPLC column, before being cleaved with factor Xa (Fig.  3a, lane 3) . Cleaved protein was separated from released histidine tag and uncleaved protein by passing the reaction mix through another His-bind column (Fig. 3 a, lane 4) and was then further purified by adsorption to and elution from an ssDNA cellulose column. The resultant preparation of homogeneous recombinant 25 kDa L4R protein (rL4R) (Fig. 3 a, lane 5) bound a 3~P-labelled 45-mer oligonucleotide in a manner indistinguishable from the L4R protein purified from virions (data not shown).
The rL4R protein was inactive in assays for DNAdependent ATPase or DNA helicase activity ( Fig. 3 b and data not shown), rL4R was, however, able to activate ATPdependent unwinding of a 45-mer/ssM13 substrate by the ISR DNA helicase (Fig. 3 b) . To calculate the stoichiometry of the DNA substrate and L4R protein necessary for unwinding, assays were performed with various amounts of rL4R protein, a constant amount of ISR DNA helicase and either i, 2"5 or 5 fmol of substrate. Percentage unwinding was calculated for each of the substrate concentrations and plotted versus the amount of rL4R protein (Fig. 3 c) . From these data the number of nucleotides of M13 DNA per molecule of L4R protein can be related to the degree of unwinding of the 45 bp substrate. Essentially no activity was observed with 12 or 25 ng of rL4R and 2"5 or 5 fmol of substrate, respectively. The number of nucleotides of M13 DNA per molecule of rL4R under these conditions was 3 7. As the concentration of rL4R increased (12, 25 or 50ng of rL4R with 1, 2"5 or 5 fmol of substrate, respectively) some stimulation of the I8R DNA helicase was observed. Under these conditions the ratios of nucleotides per rL4R molecule were 15, 18 and 18, respectively. As the rL4R concentration increased further (25, 50 or 75 ng of rL4R with 1, 2"5 or 5 fmol of substrate, respectively) a plateau of unwinding was reached at 75-85 % for each substrate concentration. Here, the ratios of nucleotides per rL4R molecule were 7"4, 9"2 and 12"3, respectively. Thus, full stimulation of ISR DNA helicase activity was observed when there was ( 13 nucleotides of ssDNA per molecule of L4R. estimated that one monomer of L4R binds 10 nucleotides of ssDNA. So, full stimulation of the helicase was observed when the ratio of nucleotides of DNA to the binding capacity of the L4R protein is < I"3, i.e. close to the point where all the DNA is bound by L4R protein. Similar results were observed with the E. coli SSB. The 25 kDa L4R protein therefore acts as an SSB and stimulates the activity of the ISR DNA helicase.
W mutants expressing either temperature sensitive ISR protein or greatly reduced levels of L4R protein produce morphologically normal virions which are defective in early transcription (Fathi & Condit, 1991; Wilcock & Smith, 1994, I996;  personal communication by C. H. Gross & S. Shuman as cited in Wilcock & Smith, 1996) . It was hypothesized that the ISR DNA helicase activity might be required for early transcription (Bayliss & Smith, 1996) . Similarly, it was suggested that the L4R protein might be directly required for transcription or, alternatively, for the correct packaging of the virus genome (Wilcock & Smith, 1996) . The present dem- 
